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THE ADDITIONAL-MASS

SUhfMARY

EFFECT OF PLATES AS DETERMINED BY
1

By WILLIAM GRACEY

The apparent increase in the inertia properties of a
body mooing in a jluid medium hm been called the

- acklitwnal-ma.we$ect. This report preeente a rhumd of
test procedures and results of experimental detavninatione
of the additional-mass e$ect of $at plates. In addition
to data obtainedfrom txw-iausforeign sources and from
an NA(?A investigation i-n I$W3, the reswlts oj te8te’
recently conducted by the National Aduisory Committee
for Aeronautics are included. In the recent NACA
tests, the additional-mass ejfect of rectangular plate~ of
uarying aspect ratio was redetermined,and the additional-
mass effect of pkztm hating tupered plun forms was
investigatedfor thefirst time.

A ted procedure ie described by means oj which auluee
of additional muss are obtained as the dijerence between
the moments of inertia of the plates experimentally de-
termined in air and in racuum.

The reeult8 of the pr~ent NACA tests, beliewd to be
more accwratethan data obtained in the older inwetiga-
tione,fall a littleaboce the data obtained by the NA(?A &
1933 and somewhatbelowthe ruluespublished in Qermany
in 1997. The Qerrnan values appear erroneously high
on the basis of theoreticalconsiderations.

INTRODUCTION

That the mass of a moving body is app~.ently greater
in a fluid medium than in a vacuum was noted as early
as 1836 (reference 1). The apparent increase in mass
can be attributed to the additiom=denergy required to
establish the fie~d of flow about the moving body.
Inasmuch as the motion of the body may be defined
by considering its mass as equal to the actual mass of
the body plus a fictitious mass, the effect of the inertia
forces of the fluid may be represented as am apparent
additional mass; this additional mass, in turn, may be
considered as the product of an ima.=gary volume and
the density of the fluid. The effect of the surrounding
fluid has accordingly been cakd the additional-maa
e~ect. The magnitude of this effect dependa on the
density of the fluid and the size smd the shape of the
body normrd to the direction of motion,

Theoretical values of the additional mass of a number
of bodies of Mnite length and of ellipsoids or elliptic
plates of fiite dimensions have been previouaIy derived
(references 2 and 3). The verification of these values

EXPERIMENTS

and the establishment of values for bodies of finite
dimensions not covered by the theory, for example,
rectangular plates, ha~e provided the basis for e.xperi-
mentd research on the phenomenon, ResuIts from
experiment.al determinations of the additional-mass
effect have been reported from the aeronautical Iabora-”
tories of the United States, England, Russia, and
Germany (references 4 to 8). Although these tests
were primarily conducted for the purpose of correcting
the experimentally determined moments of inertia of
a.irplanes, the results obtained are of importance in
other aerodynmnic problems. Because of the wide-
spread interest in the problem and because of the lack
of agreement in the results from the various Iabcratories,
a compilation and an analysis of au the available data
on the subject seemed desirable.

Extemive test programs on the additional-mass effect
were conducted in the United States in 1933 and in
Germany in 1937; it is with these tests that the present
report is principally concerned. In an attempt to ex-
plain the discrepancies between the results of these two
investigations, the hTational Advisory Committee for
Aeronautics has repeatad certain of its original tests,
making use of improved apparatus and a different test
procedure. ‘l’he present tests consisted in a redetermi-
nation of the coefficients of additional mass and of
additional moment of inertia for rectangular plan forms.
In addition, a new aspect of the problem, the effect of
taper ratio on the additional moments of inertia, w-as
in-instigated.

SYMBOLS

. For ready reference, the symbok used repeatedly
t.broughout the report me collected in the following list.
The dimensions of the plate are called chord c and span
5,rather than Iength and breadth, to permit easy appli-

an airplane wing.

chord of pkte
span of plate
over-all volume of plate
distance from center of plate to axis of

oscillation
linear velocity
angular veloci;y
mass density of fluid in which plate is im-

mersed
81
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mass of fluid entrapped within plate
additional mass
virtual moment of inertia about midchord of

plate
moment of inertia of structure of plate about

its midchorcl
moment of inertia of entrapped fluid about

midchord of plate
additional moment of inertia about midchord

of plate
additional moment of inertia about an axis

removed a distance 1 from the midchord
weight of plate in a fluid of density p
weight of plate in vacuum
period of oscillation in fluid of density p
period of oscillation in vacuum
coefficient of a.dditionalmass
coefficient of additional moment of inertia

THEORETICAL DISCUSSION

Although the theoretical aspects of the problem of
the additional-mass effect have been fully treated in
previous papers, the theory will be briefly reviewed as
an introduction to the experimental work.

Numerical measures of the additional-mass effect are
obtained from a consideration of the momentum im-
parted to the air by moving plates. For a thin flat
plate of infinite span moving in a perfect fluid at con-
stant velocity along the normal h– its surface, the
momentum imparted to the air per unit span is given
by aerodynamic theory as

(1)

For plates of finite span, this expression must be cor-
rected by the introduction of coefficients whose values
depend on the dimensions of thtiplate. The additional
mass for translat,ion of a pIato of span b is thus de-
termined from the equation of linear momentum

~=T,.= kr~2bJ”
4 ““ ““

so that
~a=kzpc’b—- .- .

4
(2)

where k is the coefficient of additional mass.
Similarly, the additional moment of inertia for

rotation about the midchord, that is, the chord at the
scmispan, of a plate of span b is determined from the
equation of angular momentum

so that

(3)

where k’ is the coefficient of additional moment of
inertia.

The coefficicnta k and k’ are both functions of the
span+hord ratio b/c.

For rotation about an axis in the plane of the plate
and parslkl to the chord, equation (3) becomes

(4)

Likewise, for rotation about an axis in the plane of
the plate and parallel to the span, the additional
moment of inertia about the axis of rotation is

k’rpb2@+krN2b 1’
L,= I=+mJ2=T —-4 (5)

-.

where k’ is the coefficient of tho adclitiomd moment of
inertia that applies to the ratio c/b. When c/b is
sufficiently small, t.h~iirst term of MS expression may
bo neglected so that equation (5) maybe approximated
S9

Experimental values -of the coefficients k and k’ are
obtained from determinations of m. and la, which are
usually obtained by swinging fiat plates in a. fluid
medium. The additional mass and the additional
moment of inertia are thus determined by deducting the
moment of inertia of the structure of the plate from its
virtual moment of inertia in the fluid. Whether I= or
ma is determined depends on the choice of the axis
about which the plate oscillates.

Values of I. can be obtained from a single determina-
tion of the moment of inertia of t.hc plate in air by
swinging the plate in one of three ways:

1. As a compound penduhrn about an axis through
the midchord (the center of gravity being displaced
below the midchord by properly weighting th(i plate)

2. As a compound pendulum about rm axis parallel
to the midchord outside the plane of the plate

3. As a torsional pendulum about an axis thwugh the
midchord

In ~ch case, the coefficient of the ridditionalmoment
of inertia is found from equation (3):

k’=% -, .-...-

Values of m. may be directly found by vibrating the
plate along the normal to the surface of the plato by
springs. If the additional mass is dctmnined by swing-
ing tests, there is superimposed on the translatory
motion to be measured a rotational component that
must also be eva.lusted. Values of ma, thcrcforc, can-
not be found from a single swinging experiment. If
the plate is swung about an axis in the plane of the
plate, paralIel to the chord, ancl at a distance 1 from
the center of the plate, equation (4) can be applied and
m. be determined by the elimination of 1.. The elim-
ination of I= may be accomplished cithr by substitut-
ing values of 1= determined in previous experiments or
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by the sinndtaneous solution of two expressions of
equation (4) obtained by swinging the plate at two
suspension lengths. The coefficient of additional mass
is then found from the expression

k=$b

As a close approximation, the additional mass may be
found from a single swinging test if the axis of rotation
is parallel to the span in the plane of the plate. Then,
if c/ZIis sufllcient,ly small, m= can be determined from
equation (6).

SUMMARY OF PREVIOUS TESTS

In order to form an adequate basis for a discussion
of the rmdts of the various investigations, the nature of
the different experiment~ procedures and the scope
of the various test pro~ams y-ill first be briefly outlined,

In the German experiments of 1930 (reference 4),
smalI plates were fked to one end of- a verticaI tube
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FKJLrEEI.—VariatIon of additional moment of krtk with suspensionlength. From
Brit& tests (referenm CO.

normal to the surface of the plates; the other end of the
tube “was secured to two flat steel ‘springa in such a
manner that the entire system was capable of ~brating
in a vertical plane. The system was deflected about
0.2 millimeter and released; the resulting damped
vibration was recorded by a scratch-recording device.
The period of vibration was determined from measure-
ments of the vibration record (upon which timing

marks were SISOrecorded) by the use of a micrometer
microscope. Determinations of the additional mass of
translation were obtained as the dtierence between the
total mass as measured in air and under water. Four
plates having dimensions in centimeters of 10 by 10,
10 lay 20, 10 by 30, and 10 by 40 were tested.

The British tests (reference 5) were conducted pri-
marily to find the additional-mass effect of a complete
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FIGLTLE2.–WrIatIon of additional moment of Inertia with pendulumleng~h. From
Brltlsh tests (reKerence5).

l/20-scale balsa model of a Bristol fighter. The model
was tested as a compound pendulum in an altitude
chamber of two air densities. As a matter of inter-t,
the test program was extended to include tests of a 2-
foot balsa plate of aspect ratio 7. This plate was swung
as a compound pendulum with the axis of rotation (1)
paraHelto the chord.in the plane of the plate, (2) par&
lel to the chord in the plane of symmetry, and (3)
parallel to the span in the plane of symmetry. The
plate was suspended by fine threads when hung hori-
zontally and by metal points set in the plate when hung
vertically. The additional moments of inertia of the
plate were found by deducting the computed moment
of the structure horn the. experimental -ralue obtained
in air at normal density.

For the plate vertical the additional moment of
inertia about the axis of rotation is plotted in @e 1

~2

()
against ~2 . The additional moment of inertia

about the midchord is found by extrapolating this curve
to 1=0. This value is compared in figure 2 with the
data obtained by swinging the plate with its plane hori-
zontal. The valub of I. for 1=0 for this curve was
obtained by means of a bifilar suspension.
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The Ruiiin eqii%nenta (reference 6) were made
for the purpose of obtaining experimental checks of
theoretically derived formulas for the additional mass
and moments of inertia of elliptic plates. For elliptic
plates of span-chord ratio of 1, that is, for circular plates,
these formulas reduce to

(14)

(15)

where nZ=Zis the additional mass along the axis perpcm-

dicular to the plate, lC=and Iar are the additional mo-
ments of inertia about the axes of tlm plate, and r is
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FIGURE8.—CompnLadre.ka for the mefllcients of additional massand of the addl.
tlonal momentsof inertia for elliptkal platee. Fmm Russianzeport (rekenca 6).

the radius of the plate. These formulas may be
applied to elliptic plates by substituting for r the semi-
nmjor axis and applying suitable correction factors. A
plot of these calculated coefficients (C,, the coefficient
of additional mass, (7Zand CV,the coefficients of addi-
tional moments of inertia) is shown in figure 3 m. a
function of c/b. For plates ~f nonelliptic shape, the
assumption is made that the moment of inertia would
be that of an elliptic plate with the same axes increased
in the ratio of the areas. This ratio would be 16/3~
or 1.7 for a rectangle.

The Russian tests were conducted on small cardb-
oard frames to both sides of which paper was glued.
Tho modek testccl included (dimensions in cm): three
ellipses28 by 28, 28 by 19, and 28 by 9; three rectangks
28 by 19,28 by 17, and 28 by 9; and two rcctanglea with
rounded corners 28 by 17, and 28 by 9. The moments
of inertia about the two axes of the plate were found by
swinging the models in air by means of a bi#31arsus-

pension. A tetratiar suspension was used to find the
moment of i.qertia about the axis perpendicular to the -”
plate (about which the additional moment of inertia
should be z;ro). The moments of inertia of tho struc-
tures.of the plates were computed on the assumption
that the material was homogeneous and that the
density was the same throughout.

Tests made at the laboratories of the NAC’A in 1933 ‘“ ““
(refepnce 7) were conducted on four Hght wooden
frameworks covered on both sides with paper. TIM
plates, the 6/c ratio of which varied from 2 to 8, had a
span’ of 4 feet and a thickness of one-fourth inch.
Each plate was swung at four suspension lengths
(lJJ& 2, and 2)i times the chorcl) about an axis parallcl
to the midchord and ouJsido the plane of the plate.
T~e additional moments of inertia were found by
deducting the computed” moments of inertia of the
structures of the plates and of the entrapped air from
the virtual. momenta of inertia determined in air of
norinal density,

The additional-mass curve given in figure 3 of
yeference 7 was obt&ned from the Gcrmrm expmiments
of 193Q. The curve was extrapolate.dt.ob/c= 10 by the
itpproximate empirical foimuI&

~=1 0.537——
b/c

Au experimental check for b/c=4
NACA. laboratories by swinging

.. .— m,- .u—

was made at the
a 5- by 20-foot

plate constructed of a wooden ~rarneworkcovered with
doped fabric. The virtual moment of inertia of the
cpvered plate was determined by swinging it with its
phme.’vert~calabout an ax@ parallel to the span and
at 1J{<hord lengths from the center of the plate.
The moment of inertia of the structure was-found by
wringing the uncovered frame and adding the moment
of inertia of the fabric as o%tained by computations.

A later German investigation in 19W(rcfcrcncc 8)
c@sisted in swinging as compound pcnduluma two
rectangidar frameworks 0.75 by 3.o metcre, onc con-
structed of aluminum tubing and the other constructed
~f steel tubing. The b/cratio of the plates was varied
from 0.25 to 8 by the corresponding partial covering of
~he frame. The frames were tested in air of normal
density with and without the covering. Equal mass
distribution for the covering was obtained in the un-
wvered frame by placing thin wires inside tho tubes.
The experimentally determined moments of incrtiu of
the frame were reported to mmprwe favorably with Wc
mmputed values.

For_ the tests of the additional .mornent of inertia,
the frames oscilkted about knife edges or ball bearings
~tthe midchord j weights were added to bring the center
of gravity below the axis of rot~tion. Tho axis of
xwillation for the additional-mass tests was in the,
plane of the plate displaced 1,8 meters from the center
Jf thJ plate.
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PRESENT NACA TESTS

EXPERIMENTAL PBOCZDURE

The additional-mass effect was determined in the
present tests by swinging covered frameworks as com-
pound pendulums. For the tests of additional moment
of inertia, the axis of rotation was outside the phme of
the plate; for the additional-mass tests, the axis of
rotation was within the plane of the plate. In both
cases, the axis was parallel to and at a distance 1 from
the midchord. Each plate was tested at only one sus-
pension length, values of the additional mass being
found from equation (4) by substitution of values of
1= previously determined. Some of the frameworks
were first covered on only one side and then on both
sides to study the effect of the cross members on the
additional mass.

A modification of the equation for the compound
pendulum to appIy to bodies of small density was
developed in reference 7. The application of this equa-
tion to the determination of the additional-mass effect
of flat plates required a.further modification to account
for the air entrapped -ivit.hinthe structure of the plates
covered on both sides. The resulting equation is

It maybe noted in passing that l,=l.+l.+l. (refer-
ence 7).

Equation (7) is applicable when the weight and the
moments of inertia of the gear supporting the pkd e
can be neglected. It is obvious that for solid plates
le=O. Furthermore, if the buoyancy of the structure
of hollow plates is negligible, m, may be taken m equal
to Pp.

Equation (7) shows that T: should vary directly
with p. For vacuum conditions, equation (7) vrmdd
tlwn become

11’022’/ H;Io=~–yP (8)

Because of the imprac.timbility of attaining a perfect
vacuum, To cannot be direct.ly measured. If swinging
tests are conducted at a.number of air densities between
atmospheric.pressure and vacuum, however, TOcm be
determined by ~~trapolating the curve of p against T. to
zero density. For a test of this nature to be valid, the
weight and the suspension length must remain constant
for different air densities in order that the period be the
only pendulum characteristic to vary with air density.

APPARATUS

The present t=ts were performed in a vacuum tank,
the inside diameter of which vms 54 inches (fig. 4).
Absolute pressureswithin the tank, varying from 27 to
4 inches of mercury, were determined m the di17erence
between the gage pressure (measurecl with a mercury
manometer) and the atmospheric pressure (measured

-MO134”42-7

with a barometer). Temperature within the tank
were also measured to determine the air density.

The plates used for the tests were all constructed of a
framework of aluminum tubing of 0.125-inch outside
diameter, covered with O.001-inchahuniuum foiI. This
type of plate was chosen becrmaeits weight remains the
same at different air pressures. Balsa plates were fit
tested but were discarded because of their weight varia-
tions with air pressure rmdhumidity. All plates tested

.

FIGCEE4.—Vacunmtank, showing plate suspendd for testof thsadditfomd moment
of M%tla.

had a span of 20 inches with three aluminum-tubing
cross membem equaHy spaced along the span.

Tests of the additiorml moment of inertia were
conducted on four rectangular pintes of b/c ratio 2, 4,
6, and 8 and on two tapered plates (&. 5) of aspect
ratio 4 and taper ratios 2.5:1 and 5:1, Tests of the
additional mass were conducted on two rectrmgular
plates of aspect ratio 4 and 6.

For tests of the additional moment of inertia with
the axis of rotation outside the plane of the plate, the
plate was suspended from knife edges by 0.003-inch
copper vvire (fig. 6). The mass and the moments of
inertia of these suspension wires were found to be
negligible,
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For tests of the additional mass with the axis of
rotation within the plane of the plate, the platea wem
fitted with small knife edges about which rotation took
pIace (fig, 7).

When the plates were covered on only one side, the
volume of the tubes was found to be sufficiently small

lhat the terms VPP and ~ in equation (7) could bc

ncglectcd. The plates covered on both sides were

6 i 1.63h.
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FIGURE5.—Plan fmns of the tapered pM.es4ested hr chc NACA inveatfgation.

wmted with small holes in the covering in order that
the density of the air entrapped by the plate would at
all times bc tho at-mmas that of the surrounding air.
The weight of the plate as measured in air could thus
ho applied for aHair densities.

The characteristics of the compound pe.ndulurn
necessary for the solution of equation (7) arc the weight,

/ l., \ [i

~b~”””( r>

c Ji”tc~

—— .-.

FIIWRX&-Dfagmm shom-tngmethcd of suspondlngplatesfor W of the additional
moment of Inertia.

the suspension length, and the period of oscillation.
The weight ancl the suspension length, both of which
remained ccnstant as tile tank pressure varied, were
Mcmnirmd in accordance with conventional laboratory
practice. Bmause of tho limitcxlnumber of oscillations
oMainablo at pressures near atmospheric, a timing
device morcr accurate thun the ordina~ stop watch
was employed. Tlm period at each of a number of
tank pressure was dctmmined as the av-oragcof 20 to
100 oscillations, the number of oscillations depending
on the air density.

RESULTS

Tho results of the present NACA tests me tabulated ~
in table I. The precision, as based on a comparison of
the c.cmputed and the experimental values- of the
moments of inertia of the plates in vacuum, is seen to
be within 3.5.percent.

The values of the cocfficie~t of the additional momrnt
of inertia obtaiucd by the present investigation arc
compared in flguro 8 with those of previous treks. The

ults do not agree with any of thepresent NAC!.bm
previous data but fall bc!mwm the German nn(l tlw _. _.
original NACA curves. Although the cvidencc is not ~ ._:
conclusive, the present tests indicate.that plah’i covcrd”
on only one side give results which arc mronoously high,

-m P
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I1 I1 1 ,..K&ee@e

I
! 1’1.— ------------------4 -See+ ,_. $

r--------.—----.---,
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1
r 1
:
I
aL.----—---—--.----J

b
~L -k ~/~-----———--—----: I1L I1 ,1.—----..------—---4.------—-------—----yt I, t1[ tttr, f1L---------- —.-.+ a

‘L. a“”” ‘no”” ‘= -J~l-
FIGUEE7.–Diagram showing method of susfmding plates kr tWs of the additional

Ioaa &,.

This result might l.m &Yp~cteclbccausc some air is
probably entrapped between the cross mcmhs of ..-.
the frame.

It should bc. _notcd that the dispersion in tiw luM
points at each value of b/c for thu 1933 NACA LOS(S
may be due to tho fact that each point WRSobtaimd for
a diHerent suspension length.

The sizo of the tubes of the frameworks used in thr. - .
Gcrmtin tests is not reported nor is mcntion made m to
whether thp plates wem covered on .ono m both sidw.
Thus, ahhough no statement cfin be mrtdc as to ~h

additional mass contributed by the uncovered fmnm,
the practice of entirely ncglcctlingthe intcrfwcne.c cflw%s
l.xtwecn the component parts-of the par[ly covwwl
frame is qumtionublc.

The Russian results shown in figure 8 ftdl 1W1OWt]II
the other curves Although good prwision is rcporh’([
for the tests, it should be remcmbe.rcdtlmt tlw momtints
of inertia of the plates were compukwl on thc assump-
tion of a uniform density of the platm.
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The coefficients of additionrd mass obtained by the
various investigationa are presented in figure 9. The
German results of 1937 nre seen to be considerably
higher than those obtained from both the German
tests of 1930 and the 1933 NACA tests. If, as already
pointed out, the platw covered on only one side yieId
resuIts that are too high, the present NACA tests may
be seen to check reasonably weIl the rwdts of the 1930
German tests and the 1933 NACA resuhs. The British
test point checks neither of the curves although, if the
result were corrected for buoyancy (which the British
uuthor appnrently did not do), the corrected value of k
would bo of tho order of 1.0.

I 1 I 1 I I I I I I I I
~ [4 —:~-— Germ~(lQ37) (refer~ 8)

— #ACX (1.933( ~
.-?

I
—~ f, J(194 )-plo+e wv~ i Sids 1—

..
b
~ i.o

!i
& .8

.6

.4

.2

0 i23 5 6. 7 8
b;c

FIGFEZ&—C@3Msnts of addftfnmd moment of Inertia fcuredangubr pktes

A theoretical curve from reference 2 for the additional
mass of elliptic plates is included in figure 9. The fact
that the German data of reference 8 are as much as 20
percent above this curve (and 18 percent above 1.0) at
the higher values of ~/c indicates the probability that
these experimental curves may be in error. It may be
noted in passing that the same values of the additional
mass of elliptic plates may be obtained by the use of
either the theoretical mlues of k on this figure or the
values of the coefficient C. of figure 3.

The additional moment of inertia should theoreti-
cally be independent of the distance from the axis of
rotation to the phme of the plate because displacement
of the axis should result only in an additional com-
ponent of motion parnllel to the plane of the plotc.
Experimental confirmfttion of this assumption was
obtained from the 1933 NACA tests; although tho
values of the ndditionrd moment of inertia were found
to vary somewhat with suepension length, the vmia-
tions were inconsistent and were within the experim-
ental error. The values obtained in the British and
the 1937 German investigations, on the other hand, are
shown in figures 2 and 10 ti increase consistently with
suspension length. Pleinee concluded that the cle-

pendenoe of 1= on 1 is negligible only for values of 1/6
less than one-half. b order to eIiminate this source of
error, the present NACA tests were made with
vahme of l/bof about onequmter.

I I I I I I I I I I I I I I 1 I I

k
I(6 o—”—~—-— --mqf-~ $

x—— NACM (193) [ u
o a

14

~

(194~-p/ofecovw7L~ sic&
❑

* + &;fiti &rem”e 5)
# r“=Thecre ted fcr elftpficpbfes (F& 2) ‘

tyc
FIGURE9.—C@llcfents of additford maasfor rectangukr and e~ptfo pIotes.

DISCUSSION

The preceding discussion of the different teat pro-
ceduresgives some indication of the variety of methods
by -iv~ch the additional-mass effect maybe determined.
Variations may arise from diilerences in metho”ils of
mspending the plates, in the choice of the a.ti of rot.n-
jion, and in the make-up of the plates themselves.

o .5 /.0 L5

71GUEli 10.—Yarfatton of the addfthmal monwnt of krertifi with ?.mpmsion length
(CIcrmantwts of 1~ refererrca8.)

lqunlly important ara the differences in tho methods of
ieterminiig the moments of inertia of the structures of
he plates. The methods of determining 10 may be
mmmarized as foIIows:

1. By computation
2. By swinging the uncovered frnme in air and adding

he moment of inertia of the covering either by com--

—
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putation or by proper~y accounting for its mass dis-
tribution

3. By swinging the pluta in a number of air densities
Tho uncertainty of obtaining accurate results by

computation applies both to solid plates, for which a
constant density must k assumed, and to frameworks,
for which the moment of inertia is found as the sum-
mation of the moments of inertia of numerous elements.
Method 2 introduces the unlmown effects of mutual
interference and additional massof the component parts.
If these effects are negligible, however, this method is
advantageous because tlm frame may be tested with
and without covering under otherwise comparable con-
ditions, Tho third method is most easily applied if
the pendulum weight and the suspension length remain
constant for clifferent air densities Tho use of this

UIV (
/.26 128 LW f..32--”/-34[26 [38 L40
Squore of he period of osclllufiw,T.’,sec

11’IOUBII11.–WulatIon of 2’.1dth tank pressurefor plate of aswol ratio S. (1940
NAf2A tests,) ‘

method permits the determination of the moment of
inertia of the plate in air and in vacuum without
changing the make-up of the plate. For this reason,
and because the air density may be measured with
good precision, this method is believed to yield more
rwcurute measurements of the additional-mass effect
than either method 1 or method 2,

Suggested e.xphtnationsto account for the cliscrepan-
cies shown in @res 8 and 9 include: scale effect,
sharpness of the edges of the plates, and the fact that
some of the tests were performed in air below atmos-
pheric pressure,

The effect of scale, it is believed, can be eliminated,
inasmuch as the present NACA results (obtained by
testing small plates) fall between the 1937 German and
the 1933 NACA curYes (troth rwulting from tests of
relatively large plates).

The effect of the edge shape was investigtited by the
NACA in 1933. The results, which were not pub-
lished, showed a negligible variation of k’ for” plates
with round, square, and elliptical edges. These
results, however, are at variance with tht: tlworetical
data of reference 2 in which it is shown that the mkli-
tional mass of rectangular crow sections is appreciably
higher than for flat plates. The increase depends on
the t~c (thickness/chord) ratio and is about 14 percent
for t/c=OJ, The investigation of edge shap~ just
described was conducted on three plates with dimen-
sions, in inches, }4by 12 by 48, for which tlic theoretical
increase is about 4 percent. Inasmuch as the precision
of the tests was of this order, the conclusion of a negligi-
ble effect of edge shape is aocountcd for. It should be
noted that, for a serieswf plates of constant thickness,
the t/c ratio and consequently the inc.rcasc in the
additional mass varies directly with span-chord ratio.
The effect of plate thickness thcreforo offws a possibh?
exphtnation for the values of k and k’ above 1.0 at
the higher aspect ratios, even when the cross sections . ._—
are “~ exactly recia~ular. Theoieticidly, of course, ” _
plates with circular or elliptical edges (in which case the
cro= section approximates that of an elongated ellipse)
should yield the same additional-mass data as thin
plates.

Finally, tests conducted at air densities other than .
atmospheric should not be invalidated bccwsc: (1)
The present tests showed linear variations of the square
of the period of oscillation with air density, or pressure,
the systcm being isothermal (fig. II);. @ (2j -t@ -—
moments of inertia of the plates determined from them
variations checked W computed vahws with rrasonably
goocl precision.

A review of the results of the various tests discloses
the fact that the data obtained in each investigation fall
with good precision along well-defined curves. Al-
though several possible sources of error have been
pointed out, it is dif%cult, bccuuse of a lack of cmhtin. .–-
details of the foreign tests and because of tht+complexity
of the factom involved, to assign to each tus~the more
pertinent to that investigation. The difficulty of
properly evaluating the data of the various tests is
therefore obvious. In view of the good precision of
each test and in the absence of any definite sources of —
error, the only conclusion that can be drawn at this
t.imOis that the discrepancies in the various results two
apparently due to consistent errors, which are probably
embodied in differences in the experimental methods
and the apparatus (types of plate, means of suspension,
etc.). One piece of evidence in support of the assump-
tion of consistent errors may be found in the pre.seat
NACA tests in which the experimental values of Lj
were found to be consistently higher than the computed
values, a fact showing that the cxperirnental curves
would have been displaced upward had k and k’ l.wen
determined on a basis of the computed values for 10.



THE ADDITIONAL-NASS EFFECT OF PLATES AS DETERIVINED BY EXPERIMENTS 89

APPLICATIONS TO AIRPLANES

BIPLANE EFFECT

The effect on the additiomd moment of inertia due
ta the mutual interference of two plates was studied by
the German investigators in 1937 and by the NACA
investigators in 1933. The results are shown in &re
12 ta be in good agreement. The Russian trots also
inchded one determination of this biplane effect. It
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FIGCBE 12.—VarfatIon of addltlonsl moment of fnertfa with g~pchord ratio for
orthogonal biplanes.

was concluded from these tests that, for normal gap-
chord ratios, the two winga of a biphme may be con-
sidered as separah plates.

Dihedralangle,deg

FIGLW E1.-Varfation of the additional moment of hrtfa of a sfnglE plate with
dfhedral angle; h/c,4. (14ACA testsof 193ilrelerence7.)

DIHEDRAL ANGLE

The effect of dihed.mdangle on the additional moment
of inertia was investigated during the 1933 NACA teats;
the results are shown in figure 13. The ratio of the
additional moment of inertia of a plate with dihedral

to that of a flat plate was found ta decrease with the
dihedral angIe, the decrease being of the order of 20
percent for 6° dihedral. Although the additional
moment of inertia might be expected b decrease with
dihedral, a decrease of this magnitude is questionable.
The British conducted tests with plates having positive
and negative dihedral angles of 3%0. Inasmuch as
these rewdte were inconsistent, the British authors made
no attempt to analyze them, and the results are theref-
ore omitted.

TAPER RATIO

The decretise in the additional moment of inertia
with t.tiperratio as determined by the present NACA
taste is given in figure 14. The results are presented as
the ratio of the additional moment of inertia of-a tapered
plate to that of an equiwdent rectangular plate. By

Roof cfmr~ -
Tip chord

.-

FIQEEE14.–Dependence of the additional moment of [nertla on taper ratio.

“equivalent rectangular plat+#’ is meant a rectangle
with the same span and area as a gimm taper$d plate.
The decrease in 1= is shown to be tibcut 40 pe~cent for
a 5:1 taper. This correction is of particular importance
for obtaining the trud moment of inertia about the
longitudinal axis of airplanw with tapered w@+

CONCLUSIONS

1. The results of the present investigation of the
additional-mass effect of rectangular plates fall a little
above the data obtained by the NACA in 1933 and
somewhat below vahws published in Germany in 1937.
Sources of error indicated by previous tests having been
avoided in the present investigation, the new results
are believed to be the more accurate. The German —.._
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rctical considerations.
2. Th~ effect of taper rdio on tlw cwfli.cicut AL&J- -. . .

tional moment of inertia wns found to be considwablc,
being of tbe order of 40 percenkfor a 5:1 taper.

LAX~LIIYMEMORIALAEROFJAUTICALLA~ORATO~Y, “-
NA~IoNALADVISORYCoxnmrmm FORA~Ro~AuTrcs,

~AiiGLEYFIELD,VA., July 18, 1940;
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